S
oil fertility management on organic farms relies on an integrated strategy of building long-term soil N pools while managing short-term N dynamics (Lawson et al., 2012) . Annual or perennial legumes and animal manures are the most important N inputs used to achieve these goals. However, adequate information on sustainable nutrient management practices in organic systems is lacking for many areas of the United States, especially the mid-Atlantic region. As a result, one of the greatest challenges to achieving equivalent yields between organic and conventional grain cropping systems sustainably, especially during organic transition and early years, is supplying adequate plant-available soil N (Cavigelli et al., 2008) . Additional challenges in more mature systems include providing N in synchrony with plant needs, balancing P inputs and removals, and maintaining low residual soil nitrate-N at the end of the season (Cavigelli et al., 2013; Lawson et al., 2012 Lawson et al., , 2015 .
One of the most suitable green manures for organic crop production in the mid-Atlantic region is hairy vetch (Vicia villosa Roth), a winter annual legume that is widely adapted to most areas of the eastern United States (Clark, 2007) . Hairy vetch has a low C/N ratio (usually 10:1 to 15:1) that results in rapid biomass decomposition, with the majority of N mineralization occurring within the fi rst 4 to 8 wk aft er termination in the spring (Poff enbarger et al., 2015a; Ranells and Wagger, 1996; Wagger, 1989) . It can produce more than 150 kg ha −1 total N when planting and termination dates are optimized Teasdale et al., 2004 Teasdale et al., , 2012 . However, only 30 to 60% of N accumulated by a hairy vetch cover crop is typically available to a succeeding corn (Zea mays L.) crop (Clark et al., 2007a (Clark et al., , 2007b Seo et al., 2006) , oft en leaving a portion of corn N demands unsatisfi ed. Th erefore, to achieve optimum corn yields in organic systems, the N supplied by hairy vetch usually needs to be supplemented by other approved N sources.
Common N sources approved for use in organic systems include animal byproducts, such as feather meal, fi sh meal,
Organic Supplemental Nitrogen Sources for Field Corn Production after a Hairy Vetch Cover Crop aBstract
Legume cover crops and organic amendments in combination could meet corn (Zea mays L.) nitrogen (N) needs while optimizing phosphorus (P) inputs. In a 2-yr fi eld study, we characterized the N-mineralization dynamics and impacts on corn grain yield of feather meal (FM), poultry litter (PL), pelletized PL (PPL), and a PPL-FM blend (PFMB) with or without a hairy vetch (Vicia villosa Roth) cover crop. Th e four amendments, which diff ered substantially in chemical and laboratory N-release characteristics, provided corn yield benefi ts only when vetch biomass was low. In 2010, vetch produced 4630 kg biomass ha −1 and increased corn grain yield from 8.7 to 13.3 Mg ha −1 compared with a no-vetch treatment. Vetch alone supplied suffi cient N to achieve maximum corn yield as determined using an ammonium nitrate fertilizer response curve embedded within the organic amendment experiment. In 2009, vetch produced only 1551 kg ha −1 and provided no benefi t to corn yield. Th ree of the organic amendments (all but PPL) increased corn yield by 1.8 to 2.3 Mg ha −1 whether vetch was present or not. Phosphorus inputs from amendments were similar to, or lower than, P removal in corn grain harvest, indicating that amendments would not result in soil P accumulation at these application rates. Amendment costs diff ered substantially such that economic returns using PL would be considerably greater than with PPL, PFMB, or FM. Results show that considering legume cover crop biomass is critical to determining organic amendment applications.
blood meal, animal manure and litter, and compost (OMRI, 2007) . However, relying solely on animal byproduct sources of N is often cost prohibitive or creates nutrient management challenges. For example, in September 2015 feather meal cost more than $500 Mg −1 (Ed Roche, personal communication 2015; Harrison, 2015) . Less expensive animal byproducts, such as manure and compost, have plant-available N (PAN)/P ratios ranging from 2:1 (manure) to 1:2 (compost), whereas this ratio in most crops is between 7:1 and 10:1 (Heckman et al., 2003; Preusch et al., 2002; Spargo et al., 2006) . This difference in N/P inputs compared with crop needs contributes to P accumulation in soil receiving repeated N-based applications of animal manure or compost, which increases the risk of P enrichment of runoff (Sharpley et al., 1998; Sims et al., 1998; Spargo et al., 2006) . By using organic amendments to supplement legume-derived N, application rates can be reduced and P inputs better balanced to meet crop needs. However, although N release rates from many organic amendments have been measured in laboratory soil incubations (Agehara and Warncke, 2005; Flavel and Murphy, 2006; Pansu et al., 2003) , there is less information on their performance in the field (Gale et al., 2006; Golden et al., 2006) and on their use in conjunction with a legume cover crop for organic field corn production (Lawson et al., 2012) . Thus, there is a need to evaluate integrating legume cover crops and organic amendments into organic systems under field conditions. The objectives of this research were (i) to quantify inorganic N release characteristics of Organic Materials Review Institute (OMRI)-approved N sources (poultry litter [PL] , pelletized poultry litter [PPL] , a pelletized poultry litter-feather meal blend [PFMB] , and feather meal [FM] ) in a laboratory incubation, (ii) to quantify PAN in the field after a hairy vetch cover crop with and without each of the OMRI-approved organic amendments, and (iii) to evaluate the resulting P balance and relative economic returns from using organic amendments in a hairy vetch cover crop system. We hypothesized that, when used together, hairy vetch and organic amendments would (i) increase corn grain yield, biomass, and N uptake when compared with relying solely on a hairy vetch cover crop and (ii) balance P input and removal rates. We selected the above organic amendments because PL and PPL both have relatively high P content and are commonly used in the mid-Atlantic region, and PFMB and FM are locally available alternative sources with lower P content.
materials and methods characterization of organic amendments amendment composition analysis
Organic amendments were obtained before initiating laboratory or field experiments in sufficient quantities to be used for both experiments. Amendments were stockpiled in a covered shed with the analytical samples collected from grab samples (n = 10) taken immediately before field application in 2009 and 2010. The PL was a mixture of poultry excrement and bedding; PPL was dried and pelletized PL; FM was hydrolyzed, ground chicken feathers; and PFMB was a combination of PPL and FM. The PPL is produced from PL in a process that involves screening, drying, grinding, conditioning with steam, adding 2% poultry fat, and pelletizing (Ed Roche, personal communication, 2015) . Although the PPL was not from the same batch as the PL, both were sourced from Perdue AgriRecycle, LLC from birds fed the same diet and on the same cleanout schedule. The PFMB and FM were also both sourced from Perdue AgriRecycle, LLC.
Dry matter and ash content were determined by oven drying at 105°C and ashing at 550°C, respectively, according to SM 2540 G (APHA, 2005 . Total C and N were determined by total combustion analysis using a vario MAX cube (Elementar Americas, Inc.). Samples were extracted with 1 mol L −1 KCl and analyzed for [NO 3 + NH 4 ]-N colorimetrically using a QuickChem Automated Ion Analyzer (Lachat Instruments). Organic N concentrations were calculated as total N minus [NO 3 + NH 4 ]-N. Total P and K content were determined by inductively coupled plasma-atomic emission spectroscopy on samples prepared by microwave-assisted acid digestion according to Wolf et al. (2003) . All measurements were made in duplicate. In 2009, the remainder of the sample was placed in 2-L polyethylene bags, frozen within 12 h of collection, and stored until used for laboratory incubations.
Laboratory Incubations
We conducted a 169-d aerobic soil incubation to investigate inorganic N release characteristics of PL, PPL, PFMB, and FM, following similar procedures as those of Gale et al. (2006) . In early June 2009, we collected soil for the incubation from plots that had no hairy vetch cover crop or added amendments. We ground the soil to pass through a 5-mm sieve and thoroughly mixed it to ensure uniformity. Before adding organic amendments, we preincubated the field soil to hasten mineralization of labile soil organic N. We placed 500 g of soil (dry weight equivalent) in 1.9-L canning jars and moistened it to field capacity (−0.03 MPa). We covered the jars with lids that had a 1-cm hole cut in the center and loosely fastened a small piece of parafilm over the hole to limit water loss but allow gas exchange. Unamended soil was incubated in the dark for 30 d at 25°C. At the end of the preincubation period, we removed ~100 g soil from each jar and added organic amendments at a rate equivalent to 100 mg organic N kg −1 soil. This rate is equivalent to ~195 kg organic N ha −1 incorporated into the surface 15 cm of a soil with a bulk density of 1.3 g cm −3 . We uniformly mixed each amendment with ~400 g soil (dry weight basis) from each jar and covered the mixture with the ~100 g of unamended soil to minimize NH 3 volatilization losses during the incubation. We included a control with no amendment, handling the soil in a similar fashion as the treated soil. Each container was treated as an experimental unit, with enough containers to allow for destructive sampling of three replicates at each date. We adjusted soil moisture to field capacity (−0.03 MPa) and placed containers randomly in the 25°C incubator. Moisture content of amended soil was maintained at field capacity throughout the incubation by adding water, based on changes in weight, as needed on a weekly basis.
We destructively sampled soil 7, 14, 28, 56, 119, and 169 d after initiation of the incubation. Before sampling we thoroughly mixed soil from each container. We analyzed duplicate 5-g subsamples for [NO 3 + NH 4 ]-N as described for organic amendments. A 10-g subsample from each container was used to determine soil moisture content at each sampling interval so that [NO 3 + NH 4 ]-N could be determined on a dry weight basis. We calculated initial [NO 3 + NH 4 ]-N in amended soils as the sum of [NO 3 + NH 4 ]-N content of organic amendments added with each treatment and soil [NO 3 + NH 4 ]-N measured at the beginning of the incubation on unamended, preincubated soil.
calculations and statistics
For the incubation work we calculated net N mineralization (N net ) for each amendment as:
where N t is inorganic N extracted from amended soil at time t, and S t is inorganic N extracted from control soil at time t. We modeled amendment mineralization data using a twocomponent first-order model:
where N net is net N mineralized at time t; N a and N s are the active and slow N pools, respectively; and k a and k s were rate constants for the active and slow N pools, respectively. We estimated active and slow N pool sizes using the nonlinear regression procedure in SAS (SAS Institute, Inc.) and fit a modified double exponential equation to the data using fixed-rate constants so that N pool size estimates would not be influenced by incubation conditions, as occurs when all four parameters are estimated simultaneously (Cabrera and Kissel, 1988; Dendooven et al., 1997; Dou et al., 1996; Sierra, 1990) . We estimated the mineralization rate constants k a and k s using a similar approach as Christensen and Olesen (1998) . Based on fitting mineralization data to Eq.
[1] and visually inspecting cumulative N mineralization, half-lives of 7 and 60 d (k a = 0.099 d −1 ; k s = 0.012 d −1 ) were selected to describe the mineralization kinetics of N a and N s , respectively. This approach allowed us to make direct comparisons of the N a and N s pools among the amendments without the confounding effects of variable rate constants (Mallory and Griffin, 2007; Wang et al., 2004) . Mineralizable N pools, N a and N s , were estimated for each amendment by fitting replicate measurements made at each sampling date.
Field research site and experimental design
We conducted field studies at the USDA Beltsville Agricultural Research Center (Beltsville, MD) on a Codorus silt loam soil (fine-loamy, mixed, active, mesic Fluvaquentic Dystrudepts) on adjacent fields in 2009 and 2010. Preceding crops were sunflower (Helianthus annuus L.) and Sudex (Sorghum bicolor × S. bicolor var. sudanese), respectively. Fields were not certified organic. We collected soil samples (0-20 cm) preseason from each field site to determine soil pH and soil-test (Mehlich 3) levels of P, K, Ca, and Mg (Table 1) . Only soil-test K was suboptimal and only in 2010; we applied 168 kg K 2 O ha −1 as K 2 SO 4 (0-0-50) to the entire field on 5 May 2010 according to Maryland Cooperative Extension recommendations, thus ensuring that N was the only yield-limiting nutrient.
We arranged treatments in a split-plot design with four replications. The main factor was presence or absence of a hairy vetch cover crop (+V or -V, respectively), and the subplot factor was supplemental N source or rate. The smallest experimental unit was 4.6 m wide by 9.1 m long. Supplemental N treatments were PL, PPL, PFMB, and FM applied at 45 kg N ha −1 at planting. Ammonium nitrate (AN) (NH 4 NO 3 , 34-0-0) applied at 45 kg N ha −1 at planting, and no amendment (CTL) served as control treatments. In addition, NH 4 NO 3 was applied at 90, 180, and 270 kg N ha −1 as split plots to allow calculation of the fertilizer-N equivalents for each organic N amendment. These NH 4 NO 3 treatments were split-applied, with 45 kg N ha −1 applied preplant and the balance when corn was at growth stage V6 to V8 (Abendroth et al., 2011) .
Field operations
Although this research was designed to evaluate the efficacy of OMRI-approved animal byproducts in organically managed systems, we used some management methods not approved for organic certification to prevent issues that might confound our research results, such as weed competition and inconsistencies in cover crop termination. This strategy has precedent in research conducted to better understand and improve organic cropping systems (Mischler et al., 2010) .
Hairy vetch (variety not stated) was planted with a John (Mosjidis et al., 1995) was planted at a rate of 34 kg ha −1 on 23 Sept. 2009 using a John Deere 450 conventional drill (Deere & Co.). Wet field conditions prevented the application of a burn-down herbicide to -V treatments in the fall, so 1.16 kg ha −1 paraquat was applied on 9 Mar. 2010. Cover crop biomass accumulation at that date was less than 500 kg ha −1 .
The organic supplemental N amendments were applied by hand before planting corn at a rate estimated to provide 45 kg of PAN ha −1 on 20 May 2009 and 7 May 2010. The PAN in the organic amendments was estimated by summing measured inorganic N ([NO 3 + NH 4 ]-N). We corrected for an estimated 10% NH 4 -N volatilization loss in line with Hansen (2006) and the fraction of organic N estimated to be mineralized during the first season. We used literature values to determine this fraction rather than data from our incubation because we conducted the incubation during the first field Table 1 . Selected properties of organic amendments used in both field and laboratory experiments. All values reported on a dry weight basis.
349 (11) season. We used the same application rates in Year 2 to maintain consistency among years. The mineralization coefficients (c) used to determine application rates were 0.5 for PL and PPL, 0.6 for the PFMB, and 0.7 for FM (Evanylo, 2006; Gale et al., 2006; Gaskell and Smith, 2007; Hadas and Kautsky, 1994) . On a dry weight basis, PL, PPL, PFMB, and FM were applied at 2370, 1700, 920, and 490 kg ha −1 , respectively. Amendments were incorporated to a depth of 15 cm with a tandem disk harrow within 4 h of application. This operation also served to kill and incorporate the hairy vetch cover crop.
Corn 'TA 555-02 (RR)' (105-d RM, TA Seeds, Inc.) was planted in rows 76 cm wide with a John Deere 7200 MaxEmerge planter on 22 June 2009 and 17 May 2010 at 79,000 seeds ha −1 . Wet field conditions delayed planting in 2009. Weeds were controlled with a rotary hoe and a row cultivator as per standard organic grower practices. We chose to use a Round-Up Ready corn variety to allow for postcultivator weed control using glyphosate, which we determined would provide substantially less disturbance than hand-weeding all plots, in case rotary hoeing and betweenrow cultivation did not kill all weeds. Glyphosate was applied one time each season (1.12 kg a.i. ha −1 ) after row cultivation to terminate weeds in the corn rows that escaped mechanical control. To mitigate drought conditions, 2.5-cm of irrigation was applied on 8 and 9 July 2010. Average monthly air temperature and total precipitation data are presented in Fig. 1 .
soil, tissue, and grain sampling and analyses
Soil samples were collected from each whole-plot just before applying amendments, from each subplot when corn was at V6 [pre-sidedress nitrate test (PSNT)], and from each subplot when corn reached physiological maturity. Each sample was a composite of 10 cores (19-mm in diameter) collected from the 0-to 30-cm depth. Soil samples were air-dried within 24 h, ground to pass a 2-mm sieve, and stored in sealed plastic bags before analysis. Inorganic N was extracted from duplicate soil samples with 1 mol L −1 KCl and analyzed as previously described.
Hairy vetch biomass samples were collected from each +V main plot (4604 m 2 in total area) immediately before termination in the spring from six 1-m 2 quadrats. Total corn biomass was determined by harvesting whole aboveground plant samples from 3 m in each of the second and third rows in each subplot at physiological maturity. Full samples were weighed, and a subsample of six corn plants was weighed and coarsely ground. We dried corn and hairy vetch tissue samples in an oven at 60°C and weighed and ground the dried tissue to pass a 1.0-mm screen. We determined total tissue N content on duplicate samples as previously described. Corn grain yield was determined by hand-harvesting 3 m from each of the fourth and fifth rows of each subplot. Yield data were adjusted to 150 g kg −1 moisture content (Spargo et al., 2011) . Total available N was calculated by summing corn N uptake (kg N ha −1 ) at physiological maturity and soil (0-30 cm) nitrate N (kg NO 3 -N ha −1 ) collected at the same time assuming a soil bulk density of 1.5 g cm −3 (Forrestal et al., 2014) .
calculations and statistics
Analysis of variance and treatment mean separations were performed using the mixed model procedure of SAS (SAS Institute, 2002) , where hairy vetch presence or absence was the whole-plot term and N source was the subplot term. The LSD at the 0.05 probability level was used to determine significant differences between treatment means. We used the regression procedures of SAS to determine grain yield, corn N uptake, and total available N response to AN fertilizer by simple linear (PROC REG) and nonlinear (PROC NLIN) analyses. Corn yield and N uptake were fit to either a quadratic or quadraticplateau model, and total available N was fit to either a linear or quadratic model. Model selection was based on fit (R 2 ) and significance of each additional coefficient (p ≤ 0.05). Resulting equations for total available N ( Fig. 5a and 5b) were used to calculate the fertilizer N equivalence (FNE) of organic amendments by solving for applied AN N using total available N from each organic amendment treatment. Plant-available N was calculated as g of FNE kg −1 amendment. In-field mineralization coefficients (c) of each amendment were calculated as [PAN − (NH 4 -N + NO 3 -N)]/organic N.
results and discussion organic amendment chemical properties
Because there were no significant differences in chemical properties for any given organic amendment sampled in 2009 and after 1 yr of storage, results presented in Table 1 represent means ± SE averaged across both years. There was, however, considerable variation in chemical characteristics among different amendments. Feather meal contained substantially more organic N than the other amendments but had the lowest NH 4 -N, NO 3 -N, P, K, and C/N ratio values. As expected, PL and PPL had similar characteristics, with the exception that PPL had a substantially higher level of NO 3 -N than did PL. The PFMB had levels of organic N, NH 4 -N, NO 3 -N, P, K, and C/N ratio that were intermediate between PPL and FM, its two constituents.
Potentially Mineralizable N of organic amendments
The modified double exponential model fit the N mineralization data for the four organic amendments very well (Table 2 ; Fig. 2) . The estimated size of N a was distinctly different among supplemental N sources, with FM > PFMB > PPL > PL (Table 2 ). This ranking is consistent with total N content and inversely related to the C/N ratios of the N sources (Table 1) . Hadas et al. (1983) likewise found PPL to contain more rapidly mineralizable N than PL. The N s values were ranked FM > PL > PPL = PFMB (Table 2) , which did not reflect the ranking of any of the measured chemical properties. The ranking of materials with respect to total mineralizable N (N a + N s ) followed the same ranking as N a (Table 2 ). When N mineralization was expressed as (N a + N s )/organic N, values for the four amendments were fairly similar: 0.71 for PL, 0.61 for PPL, 0.64 for PFMB, and 0.72 for FM. When these values, instead of literature values, were used to calculate PAN in the field, PAN levels for PFMB and FM were very similar to the 45 kg N ha −1 targeted (48 and 46 kg N ha −1 , respectively), whereas PAN levels for PL and PPL were slightly greater (57 and 52 kg N ha −1 , respectively).
Rapid N mineralization of organic amendments is well documented in the literature. For example, Wild et al. (2011) found that most of the N in PL, PFMB, and pelletized FM mineralized within 53 d, even under anaerobic incubation conditions. Consistent with our results, they also found the N in PL mineralized more slowly than the N in PPL, PFMB, and pelletized FM during most of the incubation. Hadas and Kautsky (1994) , who found roughly 55% of the N in FM mineralized within 2 wk in a soil incubation, suggested that in the field, under less than ideal temperature and soil moisture conditions, mineralization might be slower. Table 2 .
time when there was no snow cover. A substantial proportion of the hairy vetch failed to survive the winter due to this weather event, which is uncommon in the mid-Atlantic region. In addition, the relatively early fall planting date of 5 Sept. 2008 provided a longer growing season and high fall vegetative growth, which increased the sensitivity of hairy vetch to cold weather damage (John Teasdale, personal communication, 2009) .
In 2009 there were no interactions between N source and presence of hairy vetch for any of the properties analyzed (Table 4) , so only the N source main effect results are presented in Table 5 . In 2010, main effects are presented (Table 5) because interactions between N source and presence of hairy vetch were significant (Table 4) . Soils in research plots in both 2009 and 2010 were relatively fertile, providing 107 and 143 kg N ha −1 , respectively, as indicated by total available N (corn N uptake + soil residual NO 3 -N to 30 cm) in CTL plots (-V in 2010) (Table 5 ). Due to low biomass production in 2009, hairy vetch contributed essentially no N that year, whereas hairy vetch in 2010 contributed 106 kg N ha −1 (CTL in +V minus CTL in -V). This represents 70% of total aboveground hairy vetch N, which is a greater percentage than is typically observed Teasdale et al., 2004) . Table 4 . Analysis of variance of corn grain yield, total corn biomass, corn N uptake, total available N at physiological maturity, and soil NO 3 -N resulting from five N sources (subplots) applied to corn which followed either a hairy vetch cover crop or winter fallow (wholeplots) in 2009 and 2010. corn grain yield response to ammonium nitrate rate In 2009, corn grain yield reached a maximum of 11.6 Mg ha −1 at an AN application rate of 161 kg N ha −1 (Fig. 3a) . In 2010, corn grain yield in -V plots reached a maximum of 12.7 Mg ha −1 at an NH 4 NO 3 application rate of 119 kg N ha −1 (Fig. 3b) . In +V plots, corn grain yield in 2010 did not respond to N fertilizer: grain yield was 13.2 Mg ha −1 with no N application (Fig. 3b) . The relatively high fertility at the study sites, which were on deep floodplain soils, probably helps explain the lack of response to N fertilizer when a hairy vetch cover crop produced 106 kg N ha −1 . When no N sources were applied (CTL plots in 2009 and -V CTL plots in 2010), corn grain yields were relatively high (7.4 and 8.7 Mg ha −1 in 2009 and 2010, respectively) ( Table 5 ). Corn grain yield in nonfertilized or unamended experiments at a nearby location ranged from 6.6 to 10.2 Mg ha −1 in 2009 and 2010, respectively (Spargo et al., 2011) , in line with the results of our current study. Previous research also shows that hairy vetch can provide all or most of the N needed by high-yielding corn (Clark et al., 2007b; Ranells and Wagger, 1996; Teasdale et al., 2012; Tonitto et al., 2006) . However, a summary of data presented in Clark et al. (1994 Clark et al. ( , 1997a Clark et al. ( , 1997b Clark et al. ( , 2007a Clark et al. ( , 2007b indicates that hairy vetch met all of the N needs of high-yielding corn in only 1 of 11 site-years and that 20 to 60 kg N ha −1 of additional N was usually needed to reach optimal corn grain yields. Hairy vetch biomass in these studies ranged from 730 to 5690 kg ha −1 .
By contrast, hairy vetch in 2009 provided no benefits in terms of corn grain yield (Table 5) , likely as a result of low hairy vetch biomass production (Table 3) . Although it is unusual for hairy vetch to winter kill in Maryland, it is not unprecedented (Cavigelli et al., 2008) . The divergence of results in these 2 yr highlights some of the challenges inherent in relying on legume cover crops as a source of N.
Corn N Uptake and Total Available Soil N response to ammonium nitrate rate
In contrast to corn grain yield, corn N uptake ( Fig. 4a and 4b ) and total available N ( Fig. 5a and 5b) both increased, whether linearly or according to second-order polynomial equations, across the entire range of N application rates. The differences between corn N uptake and total available soil N in 2009 ( Fig.   4a and 5a ) and in +V treatments in 2010 ( Fig. 4b and 5b) illustrate that residual soil NO 3 -N increased more quickly than corn N uptake at higher N fertilizer application rates.
Response curves in Fig. 5a and 5b were used to determine the FNE of organic amendments (Table 6 ). Despite substantial differences in N release kinetics observed in soil incubations (Table  2 ; Fig. 2 ), the range of FNEs for all amendments in the field was relatively narrow (0.46-0.58 g N g −1 total amendment N). The only exception was PPL in 2010, which had a FNE of 0.97 g N g −1 total amendment N. Although we used published mineralization coefficients (c) of 0.5 for PL and PPL, 0.6 for the PFMB, and 0.7 for FM (Evanylo, 2006; Gale et al., 2006; Gaskell and Smith, 2007; Hadas and Kautsky, 1994) to determine field application ‡ Fertilizer N equivalence determined based on fertilizer N (as ammonium nitrate, 34-0-0) response curves reported in Fig. 5a and 5b. Results reported as g of FNE g −1 of total amendment N.
§ Plant-available N reported as g of FNE kg −1 of amendment. ¶ Values are based on cost of vetch seed (US $4.21 kg −1 and a seeding rate of 34 kg ha −1 ) and organic amendments (33.7, 253, 512, 827 U.S. $ Mg −1 for PL, PPL, FM, and PFMB, respectively) and do not include cost of transportation, seeding or application, and incorporation.
rates before the start of the study, c measured in our field study was slightly different than published values. We found PL to have a c of 0. 
corn response to organic amendments
The four organic amendments, despite having substantially different N a and N s , each provided similar yield benefit as AN fertilizer applied at 45 kg N ha −1 (Table 5) . This is consistent with the four amendments having more similar N release as measured by (N a + N s )/organic N. In 2009, corn grain yield was 1.8 to 2.3 Mg ha −1 greater with organic amendments than the 7.4 Mg ha −1 in the CTL. In 2010, corn grain yield was 1.5 to 2.1 Mg ha −1 greater with organic amendments than the 8.7 Mg ha −1 in the -V CTL. The only exception was PPL in 2009, which did not increase corn grain yield above the CTL treatment. Corn in +V treatments in 2010 produced 1.9 to 2.8 Mg ha −1 more grain than corn in the counterpart -V treatments, except for AN where yields were the same in the +V and -V treatments (Table 5) . There were no differences in corn grain yield among any of the +V treatments, indicating that none of the N sources applied at 45 kg N ha −1 provided a yield boost when hairy vetch was present.
Results from PSNT support the hypothesis that differences in amendment performance were due to varying levels of N a . Both FM and PFMB, which had higher levels of N a (Table 2) , tended to have PSNT values similar to AN and greater than for PL and PPL (data not shown). In 2009 and in the -V plots in 2010, PSNT results indicated that all organic amendment plots were in the N-deficient category, with additional sidedress N recommended. However, in 2010 the organic amendments in the hairy vetch plots had PSNT values that were N sufficient for FM and PFMB, although some additional side-dress N (up to 45 kg PAN ha −1 ) would be recommended for the remaining organic amendment plots.
In 2009, corn amended with organic sources of N produced 2.2 to 2.8 Mg ha −1 more biomass than the 12.7 Mg ha −1 produced in the CTL (Table 5 ). In 2010, in the -V plots, corn in the AN and PFMB treatments produced 2.3 to 2.5 Mg ha −1 , respectively, more biomass than the 16.3 Mg ha −1 produced in the CTL, but there were no other significant differences in biomass among treatments. Corn in all of the +V amendment treatments, except the PFMB treatment, produced 2.3 to 3.9 Mg ha −1 more biomass than in the corresponding -V treatments. Among +V treatments, corn in the AN treatment produced 2.3 to 2.7 Mg ha −1 more aboveground biomass than in the FM and PFMB treatments; however, there were no differences between supplemental N sources and the CTL, where biomass was 20.5 Mg ha −1 (Table 5) .
Total N uptake and available N results showed similar patterns as corn grain yield, except there were fewer significant differences among treatments in 2010. In 2009, corn N uptake was 30 to 33 kg N ha −1 and total available N was 29 to 32 kg N ha −1 greater for individual organic amendments than for the CTL plots (101 and 107 kg N ha −1 , respectively) ( Table 5 ). In 2010, in the -V treatment, corn took up 31 to 59 kg N ha −1 more in the PFMB, FM, and AN treatments than in the CTL (138 kg N ha −1 ). Likewise, only PFMB, FM, and AN provided more N (32-54 kg N ha −1 ) than the CTL (143 kg N ha −1 ). In individual +V N amendment treatments, corn N uptake was 44 to 107 kg N ha −1 greater and total available soil N was 48 to 109 kg N ha −1 greater than in their counterparts in the -V treatment. Among the +V treatments, the only difference was that PPL resulted in 31 kg N ha −1 greater corn N uptake than PFMB and 30 to 31 kg N ha −1 more available soil N than PFMB and CTL. This is consistent with PPL having a higher FNE value than other organic amendments in 2010 (Table 6) .
Our results confirm the challenges associated with synchronizing N availability with crop N needs using legumes and animal byproducts. Contributions from annual legume green manure crops can range from 0 to 159 kg N ha −1 (Clark et al., 2007a; Oyer and Touchton, 1990; Reinbott et al., 2004) . The amount of N in green manures is largely influenced by species selection, proportion in mixture, and management Poffenbarger et al., 2015a; Ruffo and Bollero, 2003a; Sainju and Singh, 2001; Teasdale et al., 2004; Wagger, 1989) . Among factors influencing the amount of organic and ammonium N in animal manures are livestock species, diet, storage, and handling methods (Beegle et al., 2008; Bussink and Oenema, 1998) . For both green and animal manures, even when organic and ammonium N contents are known, N mineralization and subsequent availability is variable because of the effects of soil moisture and temperature (Ruffo and Bollero, 2003a) , cropping history (Mallory and Griffin, 2007) , tillage (Poffenbarger et al., 2015b; Sainju and Singh, 2001) , and non-N chemical compounds in both plant tissue and manure (Gordillo and Cabrera, 1997; Ruffo and Bollero, 2003b) . Our results, however, demonstrate that accounting for cover crop performance is key to managing subsequent applications of organic amendments. Additional work is needed to assess appropriate application rates at various legume cover crop performance levels.
p and economic considerations
The fertilizer response curves ( Fig. 3a and 3b) show that corn grain yield at the higher AN application rates used in this study was greater than that achieved with organic amendments applied at 45 kg N ha −1 when hairy vetch biomass was low (2009) or not planted (-V treatments in 2010). These results indicate that when hairy vetch biomass is low (<1600 kg ha −1 in this case) or when hairy vetch is not planted (-V treatment), organic amendments would have to be applied at rates higher than 45 kg N ha −1 if yields are to be maximized.
This situation illustrates the challenge of managing P in organic systems when legume cover crops are not used or when they perform poorly. When organic amendments in this study were applied to provide 45 kg N ha −1 , P applications were 29, 26, 8, and 2 kg P ha −1 for PL, PPL, PFMB, and FM, respectively. Phosphorus removal rates in corn grain, which were based on the median value provided by Heckman et al. (2003) of 3.8 kg P kg corn grain −1 , ranged from 31 to 41 kg P ha −1 for -V treatments receiving organic amendments. These results indicate that at the rate at which organic amendments were applied, soil P accumulation was likely not a problem because P removal rates were similar to or greater than application rates. At higher application rates, annual P application would begin to exceed annual removal rates in corn grain when PL and PPL are used. It bears noting, however, that P balance should be calculated for the entire crop rotation because organic farms often include crops to which animal manures are not applied (e.g., soybean). Also, when crop yields are low due to unfavorable environmental conditions (e.g., dry weather or high weed competition), P removal rates may decrease substantially, affecting P balance calculations when application rates are determined based on initial high yield expectations. Our results, however, indicate that a robust hairy vetch crop can obviate the need for organic farmers to apply any additional N source, whether it contains relatively high P (PL and PPL) or low P (FM). In general, our results indicate that accounting for legume cover crop performance should reduce the frequency of organic amendment applications in organic systems, which may help alleviate potential soil P buildup. Nonetheless, farmers need to sample soil on a regular basis to monitor soil P status. These results, especially those presented in Fig. 3b , are relevant to conventional growers, who also seek to maximize economic return on N.
At $1.33 kg −1 PAN, hairy vetch was the most cost-effective source of N, followed by PL at $2.67 to 2.93 kg −1 PAN (Table 6) . By comparison, the mean costs of fertilizers between 2009 and 2013 were $1.74 kg −1 PAN and $1.28 kg −1 PAN, respectively (USDA, 2015) . Given the lack of consistent differences in the performance of the organic amendments, the more expensive materials (PPL, PFMB, and FM) are unlikely to prove valuable to organic grain farmers, except possibly those with very high P soils who may have no other options, depending on local P application restrictions. In addition, potential savings in transportation costs may offset some of the costs of materials based on their N value because the more expensive materials are applied at lower rates on a per material basis. These high costs emphasize the importance of managing legume cover crops for peak performance in organic systems.
conclusions
Our results provide support for the first part of our hypothesisthat supplementing hairy vetch with OMRI-approved animal byproduct organic amendments would increase corn grain yield, biomass, and N uptake compared with relying solely on a legume cover crop-but only when hairy vetch biomass was low (in 2009).
When hairy vetch biomass was low, three of the four organic amendments (PL, PFMB, and MB) increased corn grain yield by 1.8 to 2.3 Mg ha −1 , and all four increased corn N uptake by 30 to 33 kg N ha −1 and corn biomass by 2.2 to 2.8 Mg ha −1 with and without hairy vetch. When hairy vetch biomass was high (in 2010), corn yield, N uptake, and biomass were not increased relative to the hairy vetch cover crop alone when 45 kg N ha −1 of organic amendments or AN were applied at planting. Higher application rates of AN also did not increase corn yield but did increase corn N uptake and biomass. These results indicate that hairy vetch alone can provide all the N needed by corn, assuming sufficient cover crop biomass production. However, as noted by others (e.g., Clark et al., 2007a Clark et al., , 2007b , this is not a common situation.
Our results also support the second portion of our hypothesis-that, when used together, hairy vetch and organic amendments would balance P input and removal rates while minimizing residual soil NO 3 -N to 30 cm-provided the organic amendments were applied to supply 45 kg N ha −1 . At this rate, P inputs were similar to or lower than P removal in corn grain harvest. The fertilizer response curves, however, also indicate that when hairy vetch yield is low corn grain yield could be increased with additional organic amendments. Applying PL or PPL at higher rates would result in P inputs being greater than removals during the corn phase of the rotation. Whether these higher P application rates would balance with P removals over the entire crop rotation would depend on various factors, including P inputs and removals during other phases of the rotation, as determined by crop selection and crop productivity. Despite its relatively low PAN/P ratio (~1.0), PL will likely be favored by organic farmers because the four amendments tested performed similarly in the field while the cost of PL per unit N (2.67-2.93 $ kg −1 PAN) was substantially lower than for the other three amendments (6.71-22.30 $ kg −1 PAN). Additional site-years of data, including years with intermediate hairy vetch production and sites with lower inherent fertility, are needed to more fully evaluate the value of integrating organic amendments with legume cover crops. The N needs of corn and the long-term P balance of an organic farm that integrates legume cover crops and organic amendments depends strongly on the success of the legume cover crop. On a practical level, farmers need to account for N supplied by legume cover crop biomass before applying organic amendments. 
